Since voice production is the precondition for speech and, therefore, verbal communication, people suffering from voice disorders are limited in their everyday life. Physiological voice disorders, like vocal fold nodules are understood to result from increased contact pressure of the vocal folds during vibration. Thus, measurement of arising contact pressure during vocal fold oscillation helps quantify the collision forces and to substantiate previous assumptions. Due to limited access to the vocal folds, there is need for a small sensor that minimally influences air flow. For that purpose, we developed a small film sensor which is capable of measuring the contact pressure along the vocal fold contact areas. To investigate the suitability of the sensor, a hemi-larynx flow channel experiment with silicone replicas of the vocal folds was performed. Replicas of different elasticities were investigated. The contact sensor signals as well as the subglottal pressure were acquired. High-speed recordings of the vocal fold oscillation were synchronously performed to accurately relate the opening, closing and contact phases to the time signals. The measured contact pressures will be reported and compared to previous results. The advantages and limitations of the developed sensor will be discussed.
Since voice production is the precondition for speech and, therefore, verbal communication, people suffering from voice disorders are limited in their everyday life. Physiological voice disorders, like vocal fold nodules are understood to result from increased contact pressure of the vocal folds during vibration. Thus, measurement of arising contact pressure during vocal fold oscillation helps quantify the collision forces and to substantiate previous assumptions. Due to limited access to the vocal folds, there is need for a small sensor that minimally influences air flow. For that purpose, we developed a small film sensor which is capable of measuring the contact pressure along the vocal fold contact areas. To investigate the suitability of the sensor, a hemi-larynx flow channel experiment with silicone replicas of the vocal folds was performed. Replicas of different elasticities were investigated. The contact sensor signals as well as the subglottal pressure were acquired. High-speed recordings of the vocal fold oscillation were synchronously performed to accurately relate the opening, closing and contact phases to the time signals. The measured contact pressures will be reported and compared to previous results. The advantages and limitations of the developed sensor will be discussed.
INTRODUCTION
With respect to analyze the etiology of voice disorders, investigating the vibration characteristics of the vocal folds is mandatory because they are central to voice production. Since increased contact pressure of the vocal folds during vibration is a main cause of vocal fold nodules, estimating these pressure values could help in improving the clinical care of voice.
Several approaches to determine the contact pressure of the vocal folds have been published. However, many of them only performed investigations on excised larynges [1, 2, 3] or compared the values of a few patients in vivo [4, 5] . In these studies, no information about the accuracy of the applied techniques was provided and the results were not reproducible. To overcome this lack of information, vocal fold models made of silicone rubber are used to provide repeatable results. Preliminary data of investigations on a vocal fold replica was presented in [6] . In that study, a probe microphone was used to measure the contact pressure in a hemi-larynx experiment. However, only the global contact pressure was measured and no information about spatial variations was obtained.
For that reason, we developed a small film sensor, that is capable of measuring the contact pressure at eight positions along the vocal fold contact area. The sensor is based on ferroelectret materials featuring piezoelectric properties. The suitability of the sensor array was investigated using vibrating vocal fold models in a hemi-larynx setup. First experiments using a single-layer vocal fold model were performed and the results are presented. Furthermore, the strengths and limitations of the developed sensor are discussed with respect to a future in vivo application. The transducer element used for the developed sensor array is a cellular polypropylene film used as an electret, the so-called ElectroMechanical-Film (EMFi). This material exhibits a high piezoelectric strain constant, which makes it sensitive to forces applied normal to the surface [7, 8] . Furthermore, this material is only about 70 μm thick and flexible.
MATERIALS AND METHODS

Sensor Design
In our study, an EMFi material with one metallized side is used. This layer represents one electrode of the sensor. Eight corresponding counter electrodes are placed on a small circuit board measuring 15 mm × 60 mm (see Fig. 1 ). The board size is adopted to the experimental setup which will be presented in the next section. Each electrode measures 0.5 mm × 3 mm. Due to the small capacitance of the transducers compared to the cable, an impedance converter with a high input resistance (TND731E4 of Sanyo) is connected to the electrodes to measure the signals. With the aid of a ribbon cable, the eight sensors are connected to an amplifier board.
The lower frequency limit is determined by the input resistance of the amplifier (0.2 Hz). Thus, the DC components are suppressed. As a result, only relative pressure changes can be observed with the presented design. At the output of the amplifier, eight BNC connectors facilitate the sensor signal transfer. The simplified block diagram of impedance converter and amplifier shows the corresponding gains (Fig. 2) .
EMFisignal
High-resistance impedance converter Non-inverting amplifier Sensor signal -5 dB + 20.8 dB The array was calibrated using a reference sensor with known sensitivity. The pressure sensor XCS-093-5SG from Kulite was used as a reference. Both transducers were fixed to a small pressure chamber. The pressure chamber was connected to the lobe of a pistonphone mounted on a shaker via a flexible tube. A fluctuating pressure with a specified amplitude (here: 2 kPa) was generated in the chamber and the output voltage of the reference sensor was controlled via the automation software LabVIEW within a frequency range of 50 Hz to 150 Hz. The corresponding sensor signals were recorded and the sensitivity of each sensor was calculated. The sensitivities linearily increase with frequency and vary between 0.65 mV/Pa and 0.98 mV/Pa within the considered frequency range.
Experimental Setup
A silicone vocal fold model in a hemi-larynx setup was used to test the suitability of the developed sensor array. The schematic setup is shown in Fig. 3 . The silicone replica was fabricated using equal parts of the two-component silicone rubber Ecoflex 0030 from Smooth-On, Inc. and threefold parts of silicone thinner to decrease the stiffness. The cured replica was glued to aluminum blocks at the bottom and both sides (see picture in Fig. 3) . By means of a mass flow controller, a defined air flow is streamed through a tube simulating the trachea. A plastic vocal fold opposing the silicone replica forms the glottis. With the aid of fixing holes, the sensor array is positioned at the flow channel as shown in Fig. 3 . The active area of the array is adjusted in the way that the vibrating vocal fold model contacts the sensor electrodes. The vocal fold oscillations are recorded by the high-speed camera (Photron SA 1.1). Additionally, the sensor signals as well as the subglottal pressure are synchroneously acquired.
RESULTS
Preliminary data for the estimation of the contact pressure of a single-layer vocal fold model is presented. The correlation between the high-speed recordings and the time signals is realized with a triggered data acquisition. The sample rate was chosen to 100 kHz and data was acquired for 5 s. The camera frame rate was set to 10000 fps.
In order to analyze the cross-sensitivity of the sensor array to air flow and the acoustical signal generated by the vibration itself, different experiments were performed, the results of which are summarized in Fig. 4 . First, the vocal fold was not yet vibrating (Q = 12 l/min). With that measurement, the sensor's sensitivity to air flow was investigated. Second, the volume flow was increased (Q = 19 l/min) until vocal fold vibration was induced. However, the vocal fold was not yet contacting the sensor electrodes. Finally, by means of a further increase in volume flow To interpret the signal sequence, the corresponding frames of the high-speed-recordings are assigned to the time signals of two of the eight sensor elements. The frames at the extreme points are added in Fig. 5 . The dashed line represents the signal from a sensor element that is close to the edges of the contact area (sensor 1). The solid line represents one of the central sensor elements (sensor 4). As expected, the measured pressures in the center region are higher than those at the edges. A general trend for all sensor elements was observed. The contact pressure increases from the outer regions towards the center, with a maximum for the sensor elements 4 and 5. A possible interpretation of the signal sequence is given in the following. When the glottis region is fully open, the pressure detected by the sensor array is minimal (Frame I). Then, the pressure increases until the vocal fold contacts the sensor due to the decelerating flow and the closing motion of the vocal fold (Frame II). The peak value corresponds to the contact pressure. After the initial glottis opening, the flow increases so that the intraglottal hydrostatic pressure reduces to another minimum (Frame III). However, during the further opening motion of the vocal fold, the intraglottal pressure increases to a second maximum (Frame IV). The reason for this second slope could be the changing form of the transglottal flow duct. Then, the glottis fully opens again, resulting in a decreasing pressure amplitude until the minimum is reached. Afterwards, the cycle starts again.
To calculate the contact pressure of the vocal fold, the peak-to-peak value has to be taken into account as the DC offset is filtered. As a result, the contact pressure in the center region (sensor 4) is calculated to 3.6 N/mm 2 which is equal to a contact force of 5.4 mN. At the edges the contact pressure only measures 3.0 N/mm 2 corresponding to a contact force of 4.5 mN. Since no comparable studies have been published, there is no reference data available. However, the magnitude is similar to those reported in [6] .
DISCUSSION AND CONCLUSION
A film sensor array was developed that enables spatially resolved measurements of the contact pressure of vocal folds. Due to the thin EMFi material, the sensor is small in size and would thus hardly influence the vocal fold vibration. The sensor board was designed in a way that it can easily be positioned at the flow channel. A reference sensor with known sensitivity was used to calibrate the sensor array. Preliminary data using a single-layer vocal fold model was presented, demonstrating the suitability of the sensor.
Further investigations have to be performed to characterize the sensor array more precisely (e.g., signal-to-noise ratio) and to optimize the design with respect to a future in vivo application. Since the metallized side of the EMFi material, representing the counter electrode, is sensitive to sticky materials, a suitable protection layer is needed. However, the present sensor array enables the analysis of the pressure distribution along the contact area. Hence, detailed information about the regions of maximal impact stress could be achieved.
In summary, the EMFi material was shown to be an appropriate transducer element for measuring the contact pressure of artificial vocal folds. The estimated contact pressures were in the range of previously presented results.
